This study analyses the impact of integrated mass rapid transit system (IMRTS) and other policy measures on air emissions from vehicular sources in Delhi region. The impacts have been studied for the passenger and goods vehicles separately. For this purpose three alternative scenarios for the passenger vehicles and two alternative scenarios for the goods vehicles have been analysed for the year 2021. The interventions include stringent source emission norms, modal shift resulting from introduction of effective public transport alternatives, speed regulation measures and hiking of parking fee of private vehicles. These scenarios have been compared to the base year 2007. An important finding that emerged from the study is that stringent fuel emission norms and introduction of alternative public transport systems alone may not result in the modal shift and hence reduction in exhaust emissions. It is actually a combination of these measures and management measures such as increased parking fee and regulated uniform speed of public transport that results in desired benefits. Further, the inclusion of goods vehicle demand during transport policy formulation can help in controlling air pollution in new urban centers in India and in major developing regions of the world.
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The present study aims at modelling vehicular emissions under current and future alternative policy interventions. The base year for modelling emissions has been taken as 2007.
The Master Plan of Delhi has been prepared with a perspective up to 2021 to cater to the increasing population and the changing requirements of the city. Thus, the BAU and alternative (ALT) scenarios have been generated for the year 2021 for modelling future emissions in order to assess the impact of policy interventions. The modelling has been done using the ASF modelActivity (in vehicle-km), modal Structure (i.e. Modes of vehicles, technology (2/4 stroke), type of fuel and vintage), and the emission Factors (in grams of criteria pollutants released per km vehicle travelled). The VKT data have been used for accounting the intensity of road transport usage or demand. The highlight of the study includes activity based emission factors and vehicle characterization data collected through primary field surveys in order to capture the vintage, engine technology, occupancy, modal-structure, fuel, make and mileage for modelling the emissions from various transport modes.
Methodology

Description of the study area
The study was carried in the national capital territory of the Delhi (NCTD) region ( Figure   1 ). Delhi (28°36′50″N, 77°12′32″E) is the capital of India and is one of the major developing mega cities in the world. Due to rapid urbanization, the city saw a large-scale migration over the last decade. There has been an increase of ~21% in population between 2001 and 2011 census -13.9 to 16.75 million. The rapid growth rate of both population and economy is putting enormous pressure on the city's existing transport infrastructure. For instance, the total count of road vehicles in Delhi during 2014-15 was ~8.82 million, with a ratio of 299 (two-wheelers) and 162 (cars) per 1,000 people. Furthermore, the number of goods vehicles in Delhi reached 0.22 million with a compound average growth rate (CAGR) of 6.31% during 2011-2012, with a larger movement of vehicles from NCR region. Recent reports suggest that nearly 1.5 million vehicles enter Delhi every year from the neighboring states for work or travelling purposes [14] . Delhi has the largest road network (~31,183 km road length) among other cities in India.
Approximately, 46%, 27%, 8% and 2% of Delhi's road length has the right-of-way between 10 and 20 m, 20 and 30 m, 40 and 60 m, and over 60 m, respectively. Traffic congestion still occurs frequently due to the large volume of traffic on city roads.
Vehicle characteristics survey
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The data has been collected separately for the passenger and goods vehicles. The data on vehicle fleet characteristics has been collected using the cross-sectional sample surveys. The stratified random sampling technique was adopted to collect samples for five vehicle categories for emission calculations. These categories include two-wheelers (scooter and motorcycle: 2-stroke/4-stroke engine), cars (gasoline-, diesel-and CNG-driven), three-wheeler autos (CNGdriven with 2-stroke/4-stroke engine), and buses (CNG). The survey was conducted in nine districts of NCTD (central, north, south, east, northeast, south-west, north-west, west, and New
Delhi) lying in its three statutory towns (Municipal Corporation of Delhi, New Delhi Municipal
Council, Delhi Cantonment Board). This data has been described in the recent study on energy and carbon emission in Delhi region by Aggarwal and Jain [19] . Similar surveys were carried out to collect the vehicle characteristics for goods vehicles (light duty vehicles, LDV; and heavy duty vehicles, HDV) at various goods depots in industrial areas (in and around Delhi), local markets, fuel pumps, and maintenance workshops. The details of the vehicle characteristic survey can be found in supporting material (SM), Section S1 and Table S1- 
Traffic emissions modelling
The emission loads have been modelled for passenger and goods vehicles using the Activity-Structure-Fuel Mix (ASF) framework, which was also used in our previous work [19] [20] . This is an adaptation of Activity-Structure-Energy Intensity-Fuel Mix (ASIF) framework
[21], which is widely used in traffic emission modelling studies..
The ASF framework has been schematically shown in Figure 2 and uses the following as input variables: (i) the passenger and goods transportation Activity (in VKT), (ii) modal Structure (i.e. modes of vehicles, technology (2/4 stroke engine), type of fuel and vintage), and (iii) the emission Factors (in grams of criteria pollutants released per km vehicle travelled).
Equation 1 provides the model used for estimating traffic emissions:
Where, E is emission load per year from all modes of transport (tons/year); 'k' represents the mode-type; 'j' represents vehicle technology (2/4 stroke); 'i' represents the fuel type (gasoline/diesel/CNG); ′ ′ represents travel demand activity (in km); ′ ′ represents the modal structure (in percentage); ′ ′ represents emission factor (g/km); 10 6 is the conversion factor from gm to tons.
The present study has adopted Indian vehicle specific emission factors developed for Indian road conditions by testing 40 different vehicle categories. These vehicle emission factors were developed as a part of the source apportionment study conducted by the Central Pollution Control Board (CPCB) for major cities of India [22] . A comprehensive list of the applied emission factors under different vehicle categories can be found in SM Table S3 .
Scenario generation
This gasoline-driven), scooter (2-stroke and 4-stroke engine; petrol-driven), auto (2-stroke and 4-stroke engine; CNG-driven) and bus (CNG-driven) have been applied based on current modal shares collected through the field surveys.
2021-BAU:
This scenario considers the existing growth rate of vehicles and does not take into account any policy interventions, except vehicle source emission norms (BS-IV), which were introduced in the year 2010.The VKT is distributed across different travel modes according to their current modal shares. We have assumed that the distribution of 15-, 10-and 5-year old vehicles in the year 2021 will be 20, 35 and 45%, respectively. The assumption is based on the VKT vehicle classification data collected through the survey for the base year (see Table 1 and Section 3.1). Vehicular emission factors for the abovementioned years have been assumed in accordance to BS III, and BS IV norms, respectively.
The manufacturing of two-wheelers with two-stroke engines has been banned in 
Goods vehicles:
The study has also considered three future additional scenarios for goods vehicles to assess their impacts on air pollutant emissions in the NCTD region. These scenarios include:
2007-BASE-G:
This is a reference base case for goods vehicles which includes LDVs (CNG/diesel-driven) and HDVs (CNG/diesel-driven). Table 1 presents the summary of modal share, age and fuel used for on-road vehicles in NCTD. Among the two-wheelers, scooters and motorcycles account for nearly equal share of 49.7% and 50.3%, respectively. Cars running on gasoline fuel have the highest share (~72% of total cars), followed by the CNG (~15%) and diesel (~13%). It was also observed that vehicles older than 15 years were still in-use, in-spite of the implementation of the current vehicle phasing out policy in Delhi.
2021-BAU-G:
The fleet characteristics data clearly show that while the private motorized vehicles, which have a large modal share and are under-occupied compared to the public transport vehicles, the buses run at occupancy levels more than their capacity. This indicates that there is a scope for improving the existing public transport by introducing new and efficient modes of public transport systems in order to encourage a modal shift from private to public transport. 
Emissions from passenger vehicles under different scenarios
Comparison of emissions from goods and passenger vehicles
Total emission in 2007-BASE-G from goods vehicles are discussed first (see Figure 5a ).
The average VKT from goods vehicles were 2.7 million-km as compared with passenger vehicles i.e. 48.5 million-km (~18 times). The resulting PM10 emissions from goods vehicles were ~1.2 times larger to those estimated for passenger vehicles (Figure 6b ). However, the NO2 emissions were found to be nearly same for both the goods and passenger vehicles (Figure 6c ).
Interestingly, HC and CO emissions were respectively about 3.5 and 2.3 times smaller for goods vehicles as compared to passenger vehicles (Figure 6d ,e). This is because the goods vehicles primarily use low CO and HC emitting fuels such as diesel and CNG as compared to gasoline used by the majority of passenger vehicles. Similar results have been reported by Progiou and Ziomas [30] for the Greater Athens area. They found that passenger cars were the major polluters for CO (∼59%) and HCs (∼51%) as compared to HDVs, which contribute higher PM10 (∼66%) and NO× (∼65%) emissions. that: (i) 5% of diesel trucks in their sample were responsible for 50% of the total black carbon emissions, and (ii) 20% of the trucks were accountable for 50% CO and PM0.5 number (particles ranging from 5.6 to 560 nm) emissions, 60% PM0.5 mass emissions, and over 70% of BC emissions. Likewise, a recent study by Kumar et al. [11] for nanoparticle emissions from road vehicles in Delhi concluded that heavy-duty vehicles release the majority (~65%) of total particle number emissions for only ~4% of total VKT in 2010. Hence, there is a need to focus on goods vehicles to reduce the overall pollutant emissions from the road transport sector. Several measures such as the construction of a freeway corridor for reducing intercity goods transport, increasing fuel economy and mandatory use of DPF for HDV can serve as a primary measures to solve the issues with goods transport in NCTD region.
Conclusions
The study reveals that the best policy alternative to bring an overall emission reduction for passenger vehicles is the 2021-ALT-III scenario, which includes a modal shift caused by the full implementation of IMRTS, stringent source emission norms, improved engine technology, The vehicle emission factors taken in the current study were taken from ARAI weighted-average The results for passenger vehicles are illustrated in Figure S2 . It was observed that emission al. [6] have observed similar results in their study -a shift of 20% from private to public transport
104
(buses and metro) has resulted in a 5 % decrease in PM2.5 concentrations. Ernst [7] has also found a 105 modal shift from cars and motorcycles to BRT in Jakarta (Indonesia) that has resulted in PM10 and NO× 106 emission reduction by 31 kg/day and 212 kg/day, respectively. Likewise, Shabbir and Ahmad [8] have The emissions from the goods transport is given separately in Table S4 , as it was not the main 162 focus of the study, but has a great importance in reducing the associated air pollutants and impacts in 163 urban areas. Figure S3 shows the per-capita emission from passenger transport under various scenarios. It study. This is presumably because our study covers a Delhi metropolitan area, which is about ~6 times 179 less as compared with the area considered by Guttikunda and Calori [11] . The other possible reason 180 could be that the population (i.e. The denominator term) taken in estimating per-capita emissions in the 181 current study is used for the NCTD only, which has ~40% lower population as compared to those 182 covered by the other study for Delhi and its satellite cities, including Gurgaon, Noida, Greater Noida,
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Faridabad and Ghaziabad. However, CPCB [2] has estimated PM10 emissions at 147 tons/day and NO× higher as compared to the current study. Both, the CPCB and our study have used similar population,
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but the difference could be attributed to the dissimilarities given by the modelling approaches used; 188 receptor modelling used by the CPCB for apportioning PM10 emissions from road transport as 189 compared with a direct modelling approach used in our study. Further, Sahu et al. [12] 
